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INTRODUCTION
It is known that green spores of ferns and bryophytes, compared to non-green spores in these plants, tend to lose viability over a short period of time (e.g. within a single day to a few months; Lloyd and Klekowski Jr 1970 , Pence 2000 , Wiklund and Rydin 2004 , Maciel da Silva et al. 2009 ). Green spores generally germinate fast and are frequently associated to taxa with a life program adapted to moist and shaded habitats in temperate and tropical sites (Lloyd and Klekowski Jr 1970) . Although species with green spores are generally associated to moist habitats, the evolutionary history of closely related species having green spores and inhabiting similar places must be considered (Sundue et al. 2011 ). In addition, at least http://dx.doi.org/10.1590/0001-3765201420130143 [1249] [1250] [1251] [1252] [1253] [1254] [1255] [1256] [1257] [1258] [1259] [1260] [1261] [1262] for ferns, green spores are apparently more common than presently recorded in literature (Sundue et al. 2011 and references therein), since chlorophyll is hidden by a thick and dark spore wall (Mogensen 1983 , Sundue et al. 2011 .
Among bryophytes, the majority of species have green spores (Mogensen 1983) . Green spores, different from non-green ones, are rich in chlorophyll and starch, but poor in high-longevity storage substances such as lipids (Stetler and DeMaggio 1976 , Valanne et al. 1976 , Olesen and Mogensen 1978 . After maturation, green spores have well developed chloroplasts and are metabolically ready to grow in a few hours under suitable conditions (Paolillo and Jagels 1969) . Conversely, non-green spores (yellow, brown or black) need more time to break down storage reserves, develop chloroplasts and germinate into a protonema (Mogensen 1983 , Glime 2007a , Sundue et al. 2011 .
Regarding bryophytes, relationships among life-history traits such as the number and size of spores may be represented by some plants producing many small spores per sporangium vs. plants producing only a few large ones (During 1979, Hedderson and Longton 2008) . Relationships between spore size and capsule size are recorded for some mosses, where large capsules have small spores and small capsules have large spores (Egunyomi 1978, Sundberg and Rydin 1998) . Sundberg (2005) recorded that the success of spore dispersal increased with the increase in capsule size and decrease in spore size. Since large spores, compared to small ones in the same taxa, generally have many storage reserves, Glime (2007a) suggested that larger spores could improve germination rates through energy storage in the long-term. Large spores are also recorded as having higher desiccation tolerance, but lower germination and protonemal growth rates than small ones (Löbel and Rydin 2010) .
Intraspecific variation in life history traits of bryophyte species is not uncommon. Hassel et al. (2005) detected lowland female plants growing faster and producing spores a year earlier than mountain females in Pogonatum dentatum. Shaw (1990) observed large variations among plants from a single genet in Funaria hygrometrica, mostly regarding gametophyte morphology, germination percentages, gametophytic growth and tolerance to copper. The author suggested that microenvironmental variation within the greenhouse pots could be a cause for this variation. Shaw and Beer (1999) recorded a population of Ceratodon purpureus growing on the asphalt of a driveway, presenting shorter juvenile stage, faster antheridia, higher reproductive output and greater biomass accumulation in comparison to plants in a population on soil in an abandoned gravel pit.
In some of our previous studies (MacielSilva and Valio 2011, Maciel-Silva et al. 2012a, b) , investigating bryophyte communities in two different sites of a Brazilian Atlantic forest, we observed substantial level of variation, mostly in relation to spores, among populations of epiphyte and epixylic mosses living in the understory of the two forest sites (highland and lowland). Since natural history data for tropical bryophytes are still scarce, sometimes precluding deeper studies in ecology of these plants, we believe that our study will add knowledge to the biology of tropical bryophytes.
Our main goal in this study is to characterize spores in three tropical mosses, Pyrrhobryum spiniforme, Neckeropsis undulata and N. disticha, with respect to 1) size; 2) number produced per capsule; and 3) viability. We also characterize, in P. spiniforme and N. undulata, 4) chemical substances of spores, with comparisons to other bryophyte species. Beyond these spore traits, the length of sporophyte seta (an indicative of spore dispersal ability) is analyzed for one species, P. spiniforme, in the two study sites. We record variations in life history traits and suggest ecological implications of these traits for the life history strategies of the species.
SPORE TRAITS IN THREE SPECIES OF TROPICAL MOSSES

MATERIALS AND METHODS
STUDY SITES
Study sites represented two sites in the Atlantic Ombrophilous Dense Forest (Veloso et al. 1991) , a Brazilian tropical rain forest, in the "Núcleo Picinguaba" (23° 31'-23° 34' S and 45° 02'-45° 05' W) and in the "Núcleo Santa Virgínia" (23° 17'-23° 24' S and 45° 03'-45° 11' W) of the Serra do Mar State Park -State of São Paulo, Brazil. The two forest sites were: a low-altitude forest (Restinga forest at sea level, hereafter called lowland area) and a high-altitude forest (Montane forest at ca. 1,000 m a.s.l., hereafter called highland area) (for details see Alves et al. 2010 , Maciel-Silva et al. 2012a , located ca. 35 km apart, and characterized by differences in soil nutrients, total biomass, disturbance frequency, and mean temperatures. The lowland area had the lowest numbers of soil nutrients and total biomass, the highest mean temperatures (12°C and 32°C in the winter and summer, respectively, vs. 4°C and 27°C in highland area), and was periodically flooded (Alves et al. 2010 , Maciel-Silva et al. 2012a ).
STUDY SPECIES AND SAMPLING
We studied three species of mosses: Neckeropsis undulata (Hedw.) Reich. (Neckeraceae) -a Neotropical species commonly found on branches and trunks of trees from the wet lowland to the lower highland forest (sea level -1,800 m); synoicous/ autoicous breeding system; capsules ca. 1.5 mm; classified as pleurocarpous due to the perichaetial position; and with life form pendant (La FargeEngland 1996 , Buck 1998 , Gradstein et al. 2001 , Maciel-Silva and Válio 2011 . This species was found on substrates with pH varying from 4.5 to 6.1 (A.S. Maciel-Silva, unpublished data). Neckeropsis disticha (Hedw.) Kindb. (Neckeraceae) -a Neotropical species found on branches and trunks of trees in the wet lowland forest, but not reaching the lower highland forest (sea level -1,000 (1,400) m).
This species has autoicous breeding system, capsules ca. 1 -1.5 mm, is pleurocarpous and pendant (La Farge-England 1996 , Buck 1998 , Gradstein et al. 2001 , Maciel-Silva and Válio 2011 . It was found on substrates with pH from 5.3 to 5.6 (A.S. MacielSilva, unpublished data). Pyrrhobryum spiniforme (Hedw.) Mitt. (Rhizogoniaceae) -Pantropical species frequently associated to decaying wood, trunk base of trees, and soil or humus found from the wet lowland to the highland forests (sea level -3,670 m); synoicous (autoicous) breeding system, capsules ca. 1.5 -3 mm, cladocarpous and forming tall turf (La Farge-England 1996 , Gradstein et al. 2001 , Maciel-Silva and Válio 2011 . Substrates occupied by P. spiniforme varied in pH between 4.4 and 5.9 (A.S. Maciel-Silva, unpublished data).
Each study site had a 1 ha area (10,000 m 2 , see Maciel-Silva et al. 2012a for details). Colony size in the three species varied from ∼100 cm 2 to 1,000 cm 2 . In each site, we selected colonies of the same species at least 5 m apart. From each colony, a square of at least 9 cm 2 containing sporophytes was collected (put in paper bags and carried to the laboratory). Collections were carried out from April 2008 to April 2009, visiting same colonies in each species. Number of colonies visited varied from six to seven per species in each site, but colonies effectively producing sporophytes during the study varied from four to six in each site. Samples were maintained moist under dark conditions, and conducted to laboratory within a few days of being collected. When the samples were not analyzed immediately, the plant material was stored at 10°C and in darkness for no more than one week. Samples in each species in the two sites were analyzed under a dissecting microscope to search for sporophytes containing mature and closed capsules (completely expanded capsules with calyptra generally absent).
Since the colonies varied in the production of sporophytes, e.g. colonies of P. spiniforme were always found with many sporophytes in both sites, but N. disticha and undulata only had a few mature sporophytes per colony during our study, we decided to combine sporophytes of different colonies of the same species in each site to reach a reasonable sample. When the number of mature sporophytes found per species in each site was less than three, we did not analyze this data.
ESTIMATING SPORE NUMBER AND SIZE
To estimate the number of spores produced per capsule (i.e. sporangium), we completely macerated each capsule in a distilled water drop (0.2 mL) using a piece of glass rod on a glass slide and checking under dissecting microscope if all spores were out of capsule. An aliquot of this homogenized mixture of spores and water was collected using a Pasteur pipette and added to a Neubauer counting chamber. Spores were counted in four replicates of 0.0001 mL. We then estimated the spore number in each capsule. Since in this analysis we needed closed and mature capsules, the number of capsules analyzed varied according to the abundance of sporophytes per species in each site. Another aliquot was added between a slide and lip cover, and using a compound microscope and an ocular micrometer we randomly measured the largest diameter of at least 30 fresh spores. SPORE VIABILITY Spore viability was measured as spore germination percentage. For germination essays, mature and closed capsules of the three species (P. spiniforme in the two sites, and N. undulata and N. disticha in highland and lowland areas, respectively) were sterilized during two min in 1.5% sodium hypochlorite, washed three times in distilled water, and left to dry at lab air (Duckett et al. 2004 , Maciel da Silva et al. 2009 Microtubes were randomly located in a growth room at 18°C to 27°C, for a photoperiod of 12-14 h (fluorescent lamps were responsible for 12 h light, but in the summer natural light prolonged this to about 14 h), and PAR (photosynthetically active radiation) varying from 40 to 100 µmol m -2 s -1 . After ten days, an aliquot of solution plus spores/ protonemata was taken in each microtube and used to prepare slides and quantify germination percentage from 100 spores. After this time, no significant improvement in spore germination percentage was observed.
LENGTH OF THE SPOROPHYTE SETA
During field collections, we observed differences in length of sporophyte seta of P. spiniforme in the two study sites. In order to identify significant differences, we measured the length of seta (mm) in P. spiniforme sporophytes from the two sites (45 setae in each site), taking measures from the seta foot to the intersection between seta and capsule. We analyzed setae only from sporophytes with completely expanded capsules.
HISTOCHEMICAL CHARACTERIZATION
Spores of Neckeropsis undulata and Pyrrhobryum spiniforme from the highland and lowland areas were used for histochemical characterization. We were not able to find sufficient mature capsules of N. disticha in the two sites to perform these tests on spores. Mature and closed capsules were opened, and fresh spores from different capsules (at least four capsules per species in each site) were added to clean glass slides. We used the following histochemical tests: Neutral Red under ultraviolet light, Sudan Black B and Sudan IV for total lipids; Nile Blue for neutral and acid lipids; Ruthenium Red for pectins and mucilage; Lugol for starch; Xylidine Ponceau and Aniline Blue Black for total proteins; and Ferric Chloride for phenols (Johansen SPORE TRAITS IN THREE SPECIES OF TROPICAL MOSSES 1940 , Cain 1947 , Jensen 1962 , Feder and O'Brien 1968 . Previously, we conducted several tests varying time and heating conditions, and spores stained for 30 min at 60°C showed the best results. Fresh and not stained spores were simultaneously analyzed under white, polarized and ultraviolet light. To characterize spores in relation to chemical substances, we analyzed spores submitted to histochemical tests under a compound microscope. Pictures were taken, and stained spores were compared to the expected color for each specific test, as well as to non-stained fresh spores.
DATA ANALYZES
We performed descriptive statistics to characterize spore size in each species and site. Histograms were prepared to assess the distribution frequencies, maximum and minimum values of spore size (largest diameter). We used Kruskal-Wallis tests and multiple comparisons of mean ranks to detect significant differences in mean values of: "spore size" (we used mean values of spore size in each capsule); "spore number per capsule"; and "spore germination" among different species and populations of the same species in different sites. A Student t-test compared the mean seta length of Pyrrhobryum spiniforme between lowland and highland areas. We used Statistica 8.0 (StatSoft) to perform all analyses.
RESULTS
SPORE SIZE, NUMBER AND GERMINATION, AND LENGTH OF SPOROPHYTE SETA
Comparing populations of the same species between sites, we noted that spore size in Pyrrhobryum spiniforme ( Figure 1A -B) and Neckeropsis disticha ( Figure 1C -D) did not vary between highland and lowland areas, whilst Neckeropsis undulata ( Figure  1E -F) in highland area produced spores slightly larger than those in lowland area. Among the three species, Neckeropsis undulata (in highland area) produced the largest spores (ca. 19 µm), and N. disticha (in lowland area) had the smallest spores found in our study (ca. 13 µm) ( Table I , KruskalWallis test: H = 41.28; P < 0.001; df = 5; N = 58 capsules). Pyrrhobryum spiniforme in the highland area produced more spores per capsule (ca. 150,000) when compared to P. spiniforme in the lowland area (ca. 40,000). In the highland area, N. undulata and N. disticha produced similar numbers of spores per capsule (Table I , Kruskal-Wallis test: H = 20.32; P <0.001; df = 3, N = 37 capsules).
Neckeropsis undulata in the highland area, when compared to P. spiniforme in the two sites and N. disticha in the lowland area, had many more spores able to germinate (ca. 90%). No difference in spore germination was detected for P. spiniforme between the two study sites (Table I , Kruskal-Wallis test: H = 19.08; P < 0.001; df = 3; N = 38 capsules).
Pyrrhobryum spiniforme in the lowland area had the tallest sporophytic setae (mean ± sd = 64.58 mm ± 9.45 mm) in comparison to plants in the highland (43.31 mm ± 7.51 mm; Student t-test: t = -14.07; P <0.001; df = 124; N = 70 setae).
HISTOCHEMICAL CHARACTERIZATION
Since no relevant differences associated to spore staining by histochemical tests were observed between populations of the same species inhabiting different sites (lowland and highland areas), we decided to describe histochemical results for each species irrespective of the origin site (for details between sites see Table II ). However, when necessary, we present a few contrasting results.
Some bodies into the spore were yellowish and refringent, suggesting presence of oils or lipids. However, since it is not possible to ensure this without specific histochemical tests to detect lipids, we utilized the following descriptions hereafter: "oil-like bodies" when no histochemical technique was applied and "lipid bodies" when these structures positively reacted to specific tests for lipids.
Fresh spores of P. spiniforme had numerous chloroplasts and no conspicuous oil-like bodies ( Figure 2A, 2K) ; under UV light, chloroplasts fluoresced in red, whilst oil-like bodies fluoresced in yellow ( Figure 2C, 2M) . Starch grains were not found under polarized light ( Figure 2B , 2L). Spores reacted positively for total, and for neutral and acid lipids (Table II) : spore cytoplasm stained in bright yellow with Neutral Red under UV ( Figure 2D -E, 2N-O; note that positive reaction was only observed for lowland spores); spore cytoplasm stained in black blue with Sudan Black B ( Figure 2G, 2Q) ; and some spherules and matrix material stained in red with Sudan IV ( Figure 2H, 2R) ; and spore wall and cytoplasm stained in blue with Nile Blue ( Figure   Figure 1 -A-F (9) n.a. 90.09 ± 6.97 a (9) 66.98 ± 18.11 b (12) 19.81 ± 17.07 b (3) n.a. ++, strong positive reaction; +, slightly positive; -, negative; n.a. not applicable.
n.a.: not applicable (see Materials and Methods for details).
2F, 2P). Spore wall of some spores stained with Ruthenium Red as an indicative of pectins ( Figure  2I , 2S). Spore cytoplasm stained positively for total proteins with Xylidine Ponceau ( Figure  2J , 2T) and Aniline Blue Black ( Figure 2U ). No positive reaction was observed for spores treated with Ferric Chloride (for phenols) or Lugol (for starch) (Table II) .
Fresh spores of Neckeropsis undulata were generally green, due to many chloroplasts, and they frequently had oil-like bodies; under UV light chloroplasts fluoresced in red, whilst oil-like bodies in yellow to orange ( Figure 3A, 3C) . Starch grains were not found, since no structures as "Malta cross" were evidenced under polarized light ( Figure 3B ). Spores reacted positively for total lipids and for neutral and acid lipids (Table II) , evidenced by bright yellow exudate staining with Neutral Red under UV ( Figure 3D-E) ; spore cytoplasm stained in black blue with Sudan Black B ( Figure 3G, 3L) ; some bodies stained in red with Sudan IV ( Figure  3M) ; spore wall and cytoplasm stained in blue with Nile Blue (Figure 3F, 3K) . Spore wall stained with Ruthenium Red as an indicative of pectins ( Figure  3H, 3N) . Spore cytoplasm stained positively for total proteins with Xylidine Ponceau ( Figure  3I , 3O) and Aniline Blue Black ( Figure 3P ). No positive reaction was observed for spores treated with Lugol (for starch) and Ferric Chloride (for phenols) (Table II) .
DISCUSSION
ALL SPORES ARE GREEN, BUT NOT EQUAL
We found epiphyte (Neckeropsis undulata and N. disticha) and epixylic (Pyhhrobryum spiniforme) species with green spores that differed in some degree in terms of size, number per capsule, viability and abundance of storage reserves. All species studied here had smaller spores (< 20 µm) in accordance to "the bryophyte life strategies classification" (During 1992 apud Glime 2007b), with low storage capacity and high dispersal ability. However, even inside these "small-spore" species, we noticed variations in spore traits. The epiphyte N. undulata in the highland area had few and larger spores with conspicuous lipid bodies associated to high germination percentage and an expected longer longevity, when compared to many and smaller spores produced by the epixylic P. spiniforme in the same site, and few and smaller spores in P. spiniforme in the lowland. Neckeropsis undulata and N. disticha in the highland area produced similar numbers of spores that differed in size.
Although green (chlorophyll-containing) spores are generally classified as low-longevity spores due to fast degradation of chlorophyll (Lloyd and Klekowski Jr 1970 , Pence 2000 , Wiklund and Rydin 2004 , Maciel da Silva et al. 2009 ), Sundue et al. (2011 have detected a weak sign of chlorophyll, using fluorescence microscopy, in spores up to 110 yrs old for ferns Osmundastrum cinnamomeum and Terpsichore asplenifolia kept in herbarium. This suggests that at least some of these green spores could remain alive, and the same could be expected for bryophyte green spores.
Additionally, green spores may differ among species. Spores like those in N. undulata in our study, with conspicuous lipid reserves, can survive longer than green spores without lipid reserves. Green spores without conspicuous lipid reserves were found in the moss Thamniopsis incurva, and they completely lost the viability within three months of storage at laboratory (Maciel da Silva et al. 2009 ). from simple plastids, to mobilize storage reserves and to germinate, when compared to green spores that are able to reach 100% of photosynthesis within 1h:30min (Paolillo and Jagels 1969) .
Protein as storage substances in spores of bryophytes seems to be uncommon, with a few records for the mosses Dawsonia, Dicranum and Funaria (Monroe 1968 , Stetler and DeMaggio 1976 , Valanne et al. 1976 . In these cases, proteins are generally found as protein bodies and associated to lipid bodies of both green and non-green spores, disappearing during germination (Table III) . Still, the main spore proteins are associated to chlorophyll in chloroplasts and are not storage substances (Valanee et al. 1976 ). Since longevity of storage reserves in bryophyte diaspores seems to increase from starch to protein and lipid (Duckett and Renzaglia 1993) , we suggest that green spores with conspicuous lipid bodies (e.g. N. undulata) are able to survive longer than green spores having only starch into chloroplasts, but shorter than spores with many lipid bodies as storage substances and no chlorophyll.
ECOLOGICAL IMPLICATIONS FOR PYRRHOBRYUM SPINIFORME
Pyrrhobryum spiniforme uses different strategies in the two study sites, where plants in highland area, in comparison to those in lowland, produce approximately four fold spores per capsule; sporophytic setae are 1.5x longer in lowland than in highland area; and finally the two populations have similar sizes of spores. Different from Shaw and Beer (1999) , in our study sporophytes having long setae do not have many spores (e.g. P. spiniforme in lowland area), and presumably have smaller capsules.
Compared to the lowland, P. spiniforme in the highland area has a high reproductive output (a between-ploidy parameter, see Shaw and Beer 1999) , mainly expressed as spores (potential gametophytes) produced per sporophyte. Conversely, a previous study with same populations of P. spiniforme detected a low reproductive effort (number of sexual branches per mass) among highland plants when compared to lowland ones (Maciel-Silva et al. 2012b) . Moreover, total biomass of plants in P. spiniforme in the highland (mean 45.7 mg, min 16.6 mg, max 127.8 mg; n = 6 colonies) is lower when compared to plants in the lowland area (71.1 mg, 21.6 mg, 133.4 mg; n = 6) (A.S. Maciel-Silva, unpublished data).
Variations in life history traits and strategies of P. spiniforme are not fixed in the species, and seem to respond according to the environmental conditions in both study sites. Lowland, different from highland area, is a forest exposed to periodical flooding and disturbance, higher temperatures and solar radiation in the understory (Alves et al. 2010 , Maciel-Silva et al. 2012a . Moreover, the availability of decaying wood on the forest ground of the lowland (46.8 Mg ha -1 ) is fewer than that in the highland (69.5 Mg ha -1 ) (L. Veiga, unpublished data). Pyrrhobryum spiniforme in the highland area, different from the lowland, was characterized by low reproductive effort, but presented many spores per capsule.
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RESUMO
Esporos dos musgos tropicais
